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Ambient Sulfate Aerosol Deposition in Man:
Modeling the Influence of Hygroscopicity
by T. Blayne Martonen,* Andrew E. Barnett,t and Frederick
J. Miller*

Atmospheric sulfate aerosols [H2SO4, (NH4)2SO4, and NH4HSO,] are of international concern because
of their global prevalence and potential irritant or toxic effects on humans. To assess hazards following
inhalation exposure, the total dose delivered to the human respiratory tract and its regional distribution
must be determined. The mass median aerodynamic diameter of the inhaled aerosol will influence the
sites of deposition in the respiratory tract. Atmospheric sulfate aerosols are hygroscopic and will have
changing particle sizes and densities as they absorb water vapor in the humid environment of the human
respiratory tract. Experimental and theoretical data that describe particle size as a function of temperature
and relative humidity were used in computer subroutines of an aerosol deposition model in order to
calculate the dose dispersion of H2S04, (NH4)2SO4, and NH4HSO, aerosols in man. Different temperature
and relative humidity environments that approximately correspond to nasal and oral breathing were
studied. The predicted deposition patterns are very different from those of nonhygroscopic aerosols with
identical inhaled mass median aerodynamic diameter values.

Introduction
The origin, properties, and distribution of sulfate aer-

osols in the ambient atmosphere have been (1), and
continue to be, studied. Present atmospheric sulfate
levels and their potential toxic or irritant effects follow-
ing inhalation exposure are foci in human health studies
related to urban air pollution (2).

It is important to know the deposition sites of inhaled
particulate matter within the respiratory tract when
assessing the health effects of atmospheric contami-
nants. Inhalation exposure experiments with human
test subjects have established that nonhygroscopic par-
ticle deposition probabilities can be expressed as a func-
tion of the following two properties of an inspired aer-
osol: the mass median aerodynamic diameter (MMAD)
and geometric standard deviation (ug) (3,4).
A hygroscopic particle may change in size, shape, and

density due to water vapor uptake in humid respiratory
passages. Consequently, a hygroscopic aerosol's MMAD
may vary with location in the respiratory tract, and the
dose delivered may be different from that of a nonhy-
groscopic aerosol of like size distribution.

In this report, we discuss a theoretical model of aer-
osol behavior in the human respiratory tract. The model
permits relative analyses of salient factors that influence
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particulate deposition. Equations proposed by Marto-
nen (5) that describe the deposition efficiencies of in-
ertial impaction, sedimentation, and diffusion mecha-
nisms are used.
Three tracheobronchial (TB) tree morphologies (6-8)

were evaluated as representations of the human lung.
The experimental data that quantitate nonhygroscopic
particle deposition efficiencies in human test subjects
summarized by Lippmann et al. (9) were compared to
calculated values for the three morphologies. Findings
suggest that the symmetric, dichotomously branching,
modified-Weibel geometry proposed by Soong et al. (8)
suitably describes aerosol behavior in human airways.
The equilibrium sizes and densities of H2S04,

(NH4)2S04, and NH4HS04 particles measured over a
range of relative humidity values by Tang (10), Tang
and Munkelwitz (11), and Tang et al. (12) were incor-
porated into our analytical model to study the influence
of hygroscopicity on the fate of airborne contaminants
of health-effects concern. It was determined that the
hygroscopic character of ambient sulfate aerosols may
significantly affect total dose delivered to the respira-
tory tract as well as dose distribution among airways.

Aerosol Deposition Model
Mathematical computation of aerosol deposition re-

quires definition of the following:
* Respiratory tract geometry
* TB airflow dynamics (including the influence of the

laryngeal jet)
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FIGURE 1. A comparision of (A) symmetric Weibel (6) and (B) asym-
metric Horsfield et al. (7) large airway geometries. Bifurcation
angle is denoted by 20.

* Formulae that describe particle deposition efficien-
cies

* Temperature (T) and relative humidity (RH) pro-
files

* For hygroscopic materials, data that describe size
and density variation with T and RH environment

TB Morphologies
Weibel (6) has proposed a simple morphology for the

human TB tree. It is a symmetric, dichotomous, branch-
ing system of 17 generations of conducting airways num-
bered in descending order from the trachea, which is
generation I = 0. The terminal unalveolated bronchiole
is I = 16. Beginning with the trachea, each "parent"
airway branches into two identical "daughter" airways;
there are 2' airways in each generation. The Soong et
al. (8) morphology is a statistical description intended
to account for structural and dimensional variations
within the human TB tree among a population. The
branching scheme is the same as Weibel's (6), but air-
way dimensions differ.

Horsfield et al. (7) proposed a complex asymmetric
human lung morphology. Airways of different dimen-
sions exist in the same TB tree generation. Moreover,
the branching scheme is a dichotomous spatial network
that is defined in terms of airway "orders." [Note: "or-
der" is related, but not uniquely, to airway dimensions
(7).] Four different bifurcating patterns were used to
simulate various regions of the human TB tree. For
these reasons, it has been proposed as a more physio-
logically realistic model of the human lung.
The Weibel (6) and Horsfield et al. (7) morphologies

are contrasted in Figure 1; for simplicity, only upper
airways are shown. Distinctions between the symmetric
and asymmetric geometries are obvious upon compar-
ison of Figures 1A and 1B. In Figure 1B, airways are

labeled by their designated "order" identification num-
bers for the readers' reference.

Airway Flow Dynamics
The dynamics of airflow within idealized airway

models, replica casts, and the human lung has been
extensively reviewed (13). In this report we will com-
ment on some ofthe studies most applicable to our work.

In Table 1, morphological data of Soong et al. (8) are
related to commonly used parameters for the classifi-
cation of fluid dynamics in idealized tubes (long,
straight, rigid, smooth-walled tubes of circular cross-
section). Airway generations I = 0, 1, 2, 3, and 4 cor-
respond to the trachea and to the main, lobar, segmen-
tal, and first subsegmental bronchi, respectively, of the
human lung. The 15-, 30-, and 60-L/min tracheal flow
rates, Q(0), correspond to tidal volumes of 500, 1000,
and 2000 cm3, respectively. The length L necessary to
attain a parabolic air velocity profile from laminar plug
flow in an idealized tube of diameter D is defined (14)
by the relation:

1 - 0.06DRe/L

The Reynolds number, Re, is defined as Re = DU-T1,
where U and q are the mean velocity and kinematic
viscosity of air, respectively. Laminar-to-turbulent
transition is generally thought to occur at an Re of ap-
proximately 2200. The equation may be put into the
form

1 : a(I) = [0.24IiTN(I),q][Q(O)/L(I)]

for the human TB tree; parabolic flow would be pre-
dicted in generation I airways when a(I) - 1. Because
of anatomical conditions, caution must be exercised in
using a(I) and Re(I) values to designate locations of
laminar-to-turbulent transition or a parabolic profile
when fully developed flow is predicted, as discussed in
the following text.
West and Hugh-Jones (15) have studied bronchial air-

flow patterns at 5 to 80 L/min tracheal flow rates (sans
a larynx) in replica casts of the upper human TB tree.
Turbulent airflow in the trachea began at a flow rate of
20 L/min; turbulence was attributed to airway branch-
ing and surface irregularities. Such airstream instabil-
ities can probably be attributed to tracheal and large
airway wall cartilagenous ring impressions. The tur-
bulent motion was dampened on progression to distal
airways. Laminar flow in lobar and distal bronchi and
turbulent flow in proximal (to lobar) airways was ob-
served for flow rates up to 40 L/min. When the flow
rate was increased to 80 L/min, turbulence penetrated
to segmental bronchi. The observation of laminar flow
in distal (to segmental bronchi) airways at 80 L/min is
consistent with theoretical predictions that may be ex-
trapolated from the data in Table 1.
Dekker (16) studied the transition between laminar

and turbulent flow in replica casts of the human trachea

12



AMBIENT SULFATE AEROSOL DEPOSITION

Table 1. Airway dimensions and fluid dynamics parameters for the modified-Weibel morphology (8).

Mean inspiratory flow rate

generation Length Diameter Q(0) = 15 L/min Q(0) = 30 L/min Q(0) = 60 L/min
(I) L(I), cm D(I), cm oa(I) Re(I) (x(I) Re(I) (x(I) Re(I)
0 10.494 1.574 1.24 x 101 1.38 x 103 2.48 x 101 2.75 x 103 4.95 x 101 5.50 x 103
1 4.163 1.067 1.56 x 101 1.01 x 103 3.12 x 101 2.03 x 103 6.24 x 101 4.06 x 103
2 1.662 0.726 1.95 x 101 7.46 x 102 3.91 x 101 1.49 x 103 7.82 x 101 2.98 x 103
3 0.665 0.490 2.44 x 101 5.52 x 102 4.88 x 101 1.10 X 103 9.77 x 101 2.21 x 103
4 1.111 0.394 7.31 3.43 x 102 1.46 x 101 6.87 x 102 2.92 x 101 1.37 x 103
5 0.936 0.306 4.34 2.21 x 102 8.68 4.42 x 102 1.74 x 101 8.85 x 102
6 0.787 0.245 2.58 1.38 x 102 5.16 2.76 x 102 1.03 x 101 5.52 x 102
7 0.665 0.201 1.53 8.42 x 101 3.05 1.68 x 102 6.11 3.37 x 102
8 0.560 0.163 9.06 x 10-1 5.19 x 101 1.81 1.04 x 102 3.63 2.08 x 102
9 0.472 0.135 5.38 x 10-1 3.13 x 101 1.08 6.27 x 101 2.15 1.25 x 102
10 0.402 0.114 3.16 x 10-1 1.85 x 101 6.31 x 10-1 3.71 x 101 1.26 7.42 x 101
11 0.341 0.095 1.86 x 10-1 1.11 x 101 3.72 x 10-1 2.23 x 101 7.44 x 10'1 4.45 x 101
12 0.289 0.083 1.10 x 10-1 6.37 2.20 x 10-1 1.27 x 101 4.39 x 10-l 2.55 x 101
13 0.236 0.072 6.72 x 10-2 3.67 1.34 x 10-l 7.34 2.69 x 10-1 1.47 x 101
14 0.201 0.065 3.95 x 10-2 2.03 7.89 x 10-2 4.07 1.58 x 10-1 8.13
15 0.175 0.058 2.27 x 10-2 1.14 4.53 x 10-2 2.28 9.06 x 10-2 4.56
16 0.144 0.052 1.38 x 10-2 6.35 x 10-l 2.75 x 10-2 1.27 5.51 x 10-2 2.54

and main bronchi with and without a larynx. Flow was
laminar for steady flow rates up to 21 L/min without a
larynx. The inclusion of a larynx, however, caused tur-
bulence at 6 L/min. Flow instabilities at the narrow
glottis opening may have been of sufficient intensity to
cause full-scale turbulence at such a low flow rate.

Schroter and Sudlow (17) measured airflow patterns
in bifurcations within idealized models of human bron-
chi. A bifurcation, or airway branching site, is a region
of complex geometry that consists of a tapering tran-
sition zone between airways of different diameter and
a flow divider (carina). At all physiologically realistic
flow rates, laminar but asymmetric flow patterns were
observed; double vortex secondary currents may be the
cause of such skewed profiles. The authors suggest,
therefore, that it is not acceptable to assume a laminar
parabolic flow profile in the "nominal laminar" region of
the TB tree, which lies between the trachea and first
few generations of large bronchi, to airways where 1 <
Re < 10 (see Table 1).
An airflow pattern that is used to study aerosol dep-

osition in the human TB tree must attempt to account
for cartilagenous rings, bifurcations, and, perhaps most
importantly, flow instabilities induced at the larynx.
Taking the above investigations into account, we as-
sume laminar plug flow for generations 0-4 (trachea and
main, lobar, segmental, and first subsegmental bronchi)
at flow rates <6 L/min and for generations 5-16 at all
flow rates. Turbulent airflow is assumed in generations
0-4 at flow rates >6 L/min.

Particle Deposition
The following terminology is used in describing the-

oretical and empirical particle deposition efficiency
equations:
p = particle density, g/cm3
D = particle geometric diameter, ,um

= mean inspiratory flow rate, L/min
) = mean free path of air = 7.0 x 10-6 cm

G = gravitational constant = 980 cm/sec2
T = absolute temperature, 293°K
k = Boltzmann constant = 1.38 x 1016 g-cm2/

sec 2-molecule-°K
L(I) = length of generation I airway, cm
R(I) = radius of generation I airway, cm

= air kinematic viscosity = 1.5 x 101 cm2!
sec

= air absolute viscosity = 1.84 x 10-4 g/cm-
sec

U(I) = mean air velocity in generation I airway, cm/
sec

,¢()= inclination of generation I airway with re-
spect to the horizontal, 0

0(I) = angle of bend of generation I, 0
Re(I) = airflow Reynolds number in generation I air-

way
= 2R(I)U(I)/', dimensionless

m = particle mass, g
C(Dg) = particle slip correction factor

= 1 + A(2MADg), dimensionless
where A = 1.257 + 0.4 exp{-1.lDg/(2X)}

T = particle relaxation time
= mC(Dg)/(3i,nDg), sec

V = particle Stokes terminal settling speed
= GT, cm/sec

d = particle diffusion coefficient
= kTT/m, cm2/sec

Parameters are defined in their most commonly used
units; in computations, however, they all obviously must
be converted to a consistent dimensional system.

Inhaled particles must penetrate the upper respira-
tory tract (the oropharyngeal and nasopharyngeal com-
partments for mouth and nose breathing, respectively,
and the larynx) before they deposit in distal lung re-
gions. Empirical formulae that describe aerosol depo-
sition in these regions have been discussed (18).
Oropharyngeal and nasopharyngeal deposition prob-

ability equations were based on data from exposure of
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human test subjects (19,20). The probability of depo-
sition after mouth breathing, p(m), may be expressed
as follows:

p(m) =

0,
PDg2Q < 1.67 x 103

- 0.496 + 0.154 log (pD92Q),
1.7 103 _- PDg2Q . 01.67 x 10SpD 104

-2.988 + 0.777 log (pDg2Q),
104 < pDg2Q < 8.3 < 104

For nose breathing, particle losses can be expressed by
the following equations:

p(n) =

pDg2Q <2.82 x 102
- 1.15 + 0.47 log (pDg2Q),

2.82 102 PDg2Q < 104
Aerosol losses in replica laryngeal casts have been

measured (21,22). Data were fit by the following equa-
tion:

p(l) = 0.0350 + 3.9 Stk,

with a correlation coefficient of 0.96; p(l) is the depo-
sition probability normalized to particles entering a
cast. The particle Stokes number, Stk, in the larynx is
defined as Stk = pDg2WI18pR, where W is mean air-
stream velocity. R characterizes the laryngeal cast
aperature. Chan et al. (23) reported an R value of 1.65
cm; these authors also proposed slightly different coef-
ficients for the above equation.
By combining the above formulae, the filtering effi-

ciency of the upper respiratory tract proximal to TB
airways can be described. For example, if the actual
inhaled aerosol mass is expressed by M, the quantity
that penetrates the larynx for nasal breathing, Mn, may
be written as follows:

Mn = M[1 - p(n)][l - p(l)]

The larynx significantly influences inhaled particle be-
havior in the following ways: turbulence created at the
glottis opening can affect particle trajectories in the
trachea and distal airways; also, particles entrained in
a laryngeal jet may impact immediately downstream of
the larynx, producing a deposition "hot spot."The fol-
lowing empirical equation describes this enhanced dep-
osition:

SEDIMENTATION

FIGURE 2. Action of the dominant deposition mechanisms in the
lung: ( ) primary air motion; (---) particle trajectories.

In this equation, Stk = pDg2WI9pJD, where D is the
tracheal diameter.

In bronchial airways, inhaled particles are primarily
deposited by the following mechanisms (see Fig. 2):

* Inertial impaction. When a particle possesses
sufficient inertia, its trajectory will deviate
from the entraining fluid at an airway branching
site, resulting in impaction on the airway sur-
face.

* Sedimentation. Particles of sufficient mass can
be deposited under the action of gravity.

* Diffusion. Particles can also collide with airway
surfaces subsequent to random Brownian mo-
tion; this mechanism is most efficient for sub-
micrometer-sized particles.

Martonen (5) derived equations to calculate aerosol
particle deposition probabilities in conducting airways
of the human TB tree; their detailed explanation is be-
yond the scope of this paper. However, since the dep-
osition efficiencies of the inertial impaction, sedimen-
tation, and diffusion mechanisms (functions of particle
size, density, and airflow patterns and rates) are central
to this work, they are briefly outlined here.

Inertial Impaction. The following equation de-
fines the probability of particle deposition at an airway
bifurcation in a laminar air stream:

P(I) = [e(1 - e2)1"2 + arcsin(e)]
In

where e = O(I)TU(I)12R(I). When airflow is turbulent,
as observed in the trachea and upper bronchi,

P(I) = 1 - exp 4}
p(t) = 2.536 Stk1-231

INERTIAL
IMPACTION DIFFUSION

14

10-3 --,- Stk -,-- 10-1



AMBIENT SULFATE AEROSOL DEPOSITION

In the trachea, P(I) is assumed to be due to the action
of the laryngeal jet.

Diffusion. For laminar airflow, particle depo-
sition due to diffusion is expressed as

P(D) = 4 (KIlT)'12- K

where K = dL(I)IU(I)R(1)2. The probability of particle
deposition during turbulent air movement is

P(D) = 1 - exp { 0.022d (I)

Sedimentation. Conducting airways have dif-
ferent angles oforientation with respect to gravity. Res-
idence time in an airway is defined by

t(I) = L(I)
U(I) + V sink4 (I)

when the airflow direction has a component aligned with
the direction of action of gravity on a particle. If gravity
and the vertical component of the air velocity are op-
posed, the time is

U(I) - V sin (f (I)

For laminar airflow, particle deposition probability is
expressed by

2
P(S) = - [e(1 - e2)112 + arcsin(e)]

IT

where e = t(I)V cos4P(I)/2R(I). For unstable air flow,

P(S) =1- exp {-2TGt(I)cos (1)}
iTR(I)J

The division of aerosol mass at bifurcations is assumed
to be proportional to airflow division and must be known
before particle deposition efficiencies can be computed.
In the Horsfield et al. (7) morphology, division is com-
plicated because of the asymmetric branching pattern.
In symmetric Weibel-type geometries, flow division at
bifurcations is relatively simple to formulate. Details of
the aerosol flow distribution patterns are defined in the
Horsfield et al. (7) report.

In a previous study, Martonen (24) used the above
deposition probability equations to evaluate the suita-
bility of symmetric (6,8) and asymmetric (7) TB tree
morphologies as representatives of adult human lungs.
Theoretical aerosol deposition efficiencies and experi-
mental data from nonhygroscopic aerosol inhalation ex-
posure studies of Lippmann et al. (9) were compared.
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FIGURE 3. Nonhygroscopic aerosol inhalation exposure data com-
pared to model calculations assuming a Weibel (6) TB tree mor-
phology: (---) median fit ofLippmann et al. (9) to their experimental
data; (- -) limit lines to the data. From Martonen (24).

In Figures 3, 4, and 5, TB tree losses are graphed as a
function of an impaction parameter, pDg2Q. For each
TB tree morphology, three airway coefficients (AC)
were used to examine the effect of airway caliber on
deposition. The AC = 1.00 curves correspond to pub-
lished airway dimensions; AC = 0.85 curves correspond
to airway diameters multiplied by 0.85; AC = 1.15
curves correspond to airway diameters increased 15%.

Theoretical calculations of aerosol deposition using
symmetric TB tree morphologies agree well (Figs. 3
and 4) with experimental data that quantitate total dose
delivered to the TB tree. Theoretical calculations using
the asymmetric Horsfield et al. (7) TB tree geometry
do not correlate well with experimental data (Fig. 5)
since TB tree deposition is underestimated. The Soong
et al. (8) morphology (Fig. 4) appears to be a particularly
suitable description of the TB tree for use in aerosol
deposition studies; the AC = 1.00 curve for pDg2Q >
300 closely simulates the median fit to the experimental
data. In addition, the abrupt curvature ofthe theoretical
total TB tree deposition graphs at pDg2Q - 300 corre-
lates with the experimental observations of Foord et al.
(25). The systematic effect of a change in airway di-
mension, i.e., the translational shift of the total TB dose
curves, suggests that intersubject differences may sig-
nificantly influence inhalation exposure data.
Lippmann et al. (9) reported that the family of TB

tree deposition curves for individuals was "s-shaped"
when normalized to the quantity of aerosol mass enter-
ing the trachea; the curves appeared to be approaching
asymptotes of '20 and "90% deposition. The midre-
gions of the curves were quite linear with the slopes
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FIGURE 4. Nonhygroscopic aerosol inhalation exposure data com-
pared to model calculations assuming a Soong et al. (8) TB tree
morphology: (---) median fit of Lippmann et al. (9) to their exper-
imental data; (---) limit lines to the data. From Martonen (24).
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FIGURE 5. Nonhygroscopic aerosol inhalation exposure data com-

pared to model calculations assuming a Horsfield et al. (7) TB tree
morphology: (--) median fit of Lippmann et al. (9) to their exper-
imental data; (- -) limit lines to the data. From Martonen (24).

varying little among individuals. The families of theo-
retical curves in Figures 3 and 4 have the sigmoidal
shape of the experimental curves, although asymptotes
appear to be at -5 and -95% deposition, and the curves
are practically parallel in their midregions. The theo-
retical curves in Figure 5 do not compare as well with
data from experiments: they appear to be approaching
a lower asymptote of =0%, only the AC = 0.85 curve
appears to have an upper asymptote, and the curves
are not linear or parallel in their midregions.

Temperature and Relative Humidity
Profiles
A systematic (airway-by-airway) mapping of T and

RH profiles in human test subjects has not been re-
ported in the open literature, and available data on T
and RH conditions in man vary greatly, as discussed in
the following text. Ingelstedt (26) reviewed the pub-
lished literature, explained anomalies and discussed dif-
ferences between reported findings, and concluded that
in future investigations: T and RH data must be col-
lected in situ (i.e., not inferred from external obser-
vations); T and RH values must be simultaneously meas-
ured; and anesthesia should be avoided if possible.
To date, few investigations have satisfied these strin-

gent criteria. After instruments were surgically im-
planted, Ingelstedt (26) simultaneously measured T and
RH values in the laryngeal cavity (a fixed location)
within numerous unanesthetized humans. For nasal
breathing at room conditions (23°C, 30% RH), mean
temperatures of32°C (inspiration) and 36°C (expiration)
were recorded; mean RH values were 98-99% during
both phases of the respiratory cycle. For oral breathing,
mean temperatures were 31°C (inspiration) and 36°C
(expiration); however, mean RH values were very dif-
ferent during inspiration and expiration, 90% and 99%,
respectively. Ferrus et al. (27) measured respiratory
water loss and similarly concluded that the overall ex-
pired tidal volume is not fully water saturated.
A variety of experimental and theoretical techniques

have been used by investigators to estimate T and RH
profiles in the human respiratory tract. Dery et al. (28)
used invasive techniques to record T and RH data at
locations in bronchial airways. These authors measured
profiles in the trachea and large airways of anesthetized
humans with a flexible microthermistor probe. Breath-
ing was through an endotracheal tube, thereby bypass-
ing the nose. Mean tracheal T and RH values were 31°C
and 86% (i.e., 4% less than Ingelstedt's (26) value), re-
spectively, during inspiration. Mean T and RH values
were 33°C and 91%, respectively, at a distance 10 cm
distal to the main carina. Assuming the influence of
anesthesia is general [the use of anesthesia may cause
changes in the production and secretion of mucus (29)],
an RH of approximately 95% may be proposed for un-
anesthetized humans at this location, in accordance with
Ingelstedt's (26) work. In the Soong et al. (8) mor-
phology, the 10-cm distance would include generation 7
airways. Ferron (30) assumed constant human bronchial
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airway T and RH values of 37°C and 99.5%, respec-
tively, for purposes of aerosol modeling; the RH value
can be determined either from osmotic pressure or the
lowering of the freezing point of blood. From theoretical
considerations, Wilson and LaMer (31) and Milburn et
al. (32) estimated ambient T and RH conditions inside
the human lung to be about 37°C and 96%, respectively.
Proctor (33) concluded that inhaled air is sufficiently
warmed and humidified so that it reaches final body T
and 99% RH at the alveolar level; alveolated airways
begin at generation 17 in the Soong et al. (8) morphol-
ogy. Using replica respiratory tract casts, Olson et al.
(34) demonstrated that the T of inhaled air at the en-
trance to the trachea was within 0.2°C ofthe equilibrium
T, 37°C, within the deep lung. Recent theoretical and
experimental studies (35,36) support the concept of a
gradation in RH profiles (to saturation) in the upper
conducting airways of man for normal breathing in a
moderate environment.
The possibility of transient supersaturation in upper

bronchi under general ambient T and RH conditions has
been postulated, based on theoretical descriptions of
heat and water vapor transport in laminar (37) and dis-
turbed laminar (38) flow fields. The models, however,
neglect known laryngeal jet-related turbulent flow in
upper human airways. The findings of Ingelstedt and
Toremalm (39,40), who experimentally studied airflow
patterns and heat transfer in airway models, indicate
that larynx effects-cannot be omitted from mathematical
descriptions of inhaled gases, particularly because of
boundary layer development considerations. The
boundary layer thickness is of great biological impor-
tance because of the interchange of heat and moisture
between air and mucous membranes. Ingelstedt and
Toremalm (39) surmised a buffer layer interface be-
tween a laminar boundary layer and turbulent core flow
to be a physiologically realistic simulation of upper air-
way fluid dynamics.

Ingelstedt (26) cited limited data suggesting that su-
persaturation might occur under highly unusual ther-
modynamic conditions (breathing in a cold chamber) be-
cause of insufficient condensation nuclei in the inspired
laboratory air (0-40C, 50-60% RH). However, he pos-
tulated from scientific principles that ".. . oversaturation
can never occur in experiments at room temperature,"
and indeed, supersaturation could not be detected in his
tests. A later study again experimentally confirmed the
absence of supersaturation during the breathing ofroom
air (39). Ferron's (38) theoretical model may become
compatible with experimental data if it were refined to
include the coupling of DC (the diffusion coefficient of
water vapor molecules in air) and DT (the thermal dif-
fusivity of air), and specific treatment of the thermo-
dynamics of gas-particle interactions in the creation of
T and RH proffles in human airways. However, influ-
ences of mixing effects attributable to the laryngeal jet
and related flow disturbances in vivo, absent in the
theory, argue against the plausibility of the phenome-
non of supersaturation occurring during the inhalation
of ambient aerosols.

Using the above experimental data as guidelines, two
T and RH patterns were assumed in the current study
in order to encompass most likely conditions that influ-
ence hygroscopic growth within the lung during inha-
lation of aerosols in a temperate (25°C and 50% RH)
(41) environment. To simulate oral breathing, the RH
of the trachea was assumed to be 90% and to monoton-
ically increase 1% with each airway generation up to
99% at generation 9. The value of 99.5% was maintained
for all distal airways. The constant value for peripheral
airways is consistent with a state of equilibrium at those
levels and is in agreement with the RH levels predicted
from theoretical bases, as previously discussed. To sim-
ulate nasal breathing, we assumed that RH equilibrium
conditions are attained in the trachea and remain at
99.5% in distal bronchial passages. For both modes of
breathing, we assumed a constant temperature of 37°C
in the TB tree, consistent with experimental data quan-
titating the extent of warming that occurs in the nasal
and oral pharyngeal compartments.
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FIGURE 6. Hygroscopic growth curves of several submicrometer
ambient sulfate aerosols of health effects concern. Dg and Dg.o are
the final droplet diameter at a given RH value and the original
geometric particle diameter, respectively. Data from Tang and
Munkelwitz (11).

Table 2. Influence of hygroscopic growth on deposition of
ambient H2SO4 particles.

Total deposition, %

Dg,o, 90-99.5%
Jim Q, L/min Nonhygroscopic RH 99.5% RH
0.2 15 14.5 7.0 7.2

30 10.6 5.3 5.9
60 7.8 4.8 6.1

0.5 15 8.8 10.7 12.6
30 6.8 9.5 13.3
60 6.0 12.0 19.2

1.0 15 8.9 27.8 34.1
30 8.0 26.5 38.2
60 9.7 35.6 54.7

100

17



MARTONEN, BARNETT, AND MILLER

Ambient Aerosol Sizes and Growth Data
Chemical composition analyses of urban atmospheres

sampled with cascade impactors have established that
S04 -, NO3 , and NH4' ions are most often extracted
from particulate matter with an ambient MMAD of 0.2
to 0.6 ,um (42). During smog episodes, when a general
increase in ambient levels of gaseous and total sus-
pended particulate (TSP) pollutants is experienced, ma-
jor differences in relative composition of the chemical
constituents may occur. Israel et al. (43) report that
"sulfate clouds" exist in which -62% of the TSP is
(NH4)2SO4. Moreover, the particle mass distributions
within such clouds had pronounced peaks in the 1- to 3-
,um MMAD size range. Information present in the In-
halable Particulate Data Bank (44) clearly demonstrates
that most particulate sulfate in urban aerosols is in the
fine mode (<2.5 ,um); maximum 24-hr ambient sulfate
levels of about 40 to 45 ,g/m3 have been reported.
The hygroscopic growth of H2SO4, (NH4)2SO4, and

NH4HSO4 particles to final equilibrium sizes in precisely
defined moist environments was investigated by Tang
(10), Tang and Munkelwitz (11), and Tang et al. (12).
Experimental data for NH4HSO4 aerosols and theoret-
ical growth curves for all the aerosols are presented in
Figure 6.

Calculations for 12 different salts (30) showed that
particles of aerodynamic diameter, Dae, -0.2 ,um may
reach equilibrium diameters at 99.5% RH and 37°C con-
ditions within 0.1 sec. Submicrometer ambient H2SO4,
(NH4)2SO4, and NH4HS04 aerosols grow considerably
during transit to the trachea by equilibrating to a high
T and RH environment in the upper respiratory tract
(35,41). For a tidal volume of 500 cm3, the residence
time of an inhaled particle in the nasopharyngeal region
is approximately 0.09 sec. We will use the growth
curves in Figure 6 to define particle parameters (size
and density) as a function of assumed respiratory tract
T and RH profiles.
Because best agreement between theoretical predic-

tions of nonhygroscopic aerosol behavior and experi-
mental deposition data is found with a Soong et al. (8)
morphology, it will be used in our discussion of the
effects of hygroscopic growth on inhaled pollutants. The
size and density changes of an inhaled ambient particle
during oral (90-99.5% RH) and nasal (99.5% RH)
breathing simulations will be defined by the appropriate
curve in Figure 6. Deposition in the TB tree, therefore,
will be computed in a manner commensurate with step-
wise changes in particle parameters along airways.

Effects of Hygroscopic Growth on
Deposition
The complex influence of hygroscopic growth, as a

function of assumed RH profile, on H2SO4 aerosol be-
havior is demonstrated in Table 2. Two observations
can be made from the data: (a) particles in the diffusion-

dominated regime have reduced deposition relative to
nonhygroscopic particles of identical preinspired size,
and (b) hygroscopic growth produces an increase in dep-
osition, relative to nonhygroscopic particles, of particles
primarily affected by inertial and gravitational forces.
For the smallest particles, the disparity between non-
hygroscopic and hygroscopic cases increases as the mag-
nitude of Q decreases. This is consistent with the action
of diffusion, the efficiency of which is related to the
particle residence time in an airway. For the largest
particles, however, the opposite occurs because parti-
cles grow sufficiently to become effectively deposited
by inertial impaction; the efficiency of the mechanism
is related to particle velocity. Differences between the
two RH profiles are most pronounced at the largest
particle size and flow rate tested. In the model, an am-
bient particle of initial particle size (Dg,O = 1.0 ,um grew
to Dg = 2.1 ,um within the trachea for oral breathing
(90-99.5% RH) and finally attained Dg = 4.5 ,m in
generation 10. For nasal breathing (99.5% RH), the 4.5-
,um size was assumed in the trachea and all distal bron-
chial passages.
The effect of an assumed RH profile on the distri-

bution of deposited 0.5-,um particle H2SO4 aerosol mass
as a function of Q is shown in Figure 7. The apparent
common feature of panels A, B, and C of Figure 7 is
that increasing the magnitude ofQ increases the relative
percentage of deposition in the larger conducting air-
ways while yielding reduced losses in more peripheral
airways. Interestingly, the crossover occurs within gen-
erations 11-14 for both RH profiles tested.
The variation in Dg of an originally sized 0.5-,um

H2SO4 particle within the respiratory tract is presented
in Figure 8 to explain deposition-related hygroscopic
growth effects. For nasal breathing, growth to final
equilibrium size is assumed to be complete following
passage through the nasopharyngeal compartment. For
mouth breathing, Dg is about 1 pum in the trachea and
steadily increases until - 2.2 ,um is attained in gener-
ation 10 airways. Particles that are hygroscopic in char-
acter will absorb water vapor present in the humid en-
vironment of the respiratory tract. Subsequently, the
particles will change in size and density while traversing
airways; this is schematically illustrated in Figure 9. If
only water vapor uptake is assumed to affect density
(i.e., changes in crystalline physical state are ignored),
then particle density may be expressed as

P = PH20 + (PO- PH20)(D9,0/Dg)3
where po and PH20 are the densities of the original par-
ticle and water, respectively.
At the lowest flow rate in Figure 7, total deposition

does not vary much between A, B, and C. There is,
however, a noticeable shift in mass fraction deposited
in larger upstream airways with consideration of the
influence of an assumed RH profile upon hygroscopic
growth effects. At Q = 60 L/min, total deposition in-
creases by a factor of 2 between A and B and increases
by a factor of 3 between A and C. Moreoever, there is

18



AMBIENT SULFATE AEROSOL DEPOSITION

Q Total Dose
(L-min-') 1%)

15 8.8
30 6.8
60 6.0

z
0

0

cr
LL

z
0

0~

-LJ
0
Cl)

0

Relative Dispersion (%)
0.I.5 6 I< 10 11 .1.16

3.9 17.2 78.9
7.5 19.5 73.0
15.2 23.9 60.9

Q Total Dose
(L-min' ) %)

15 10.7
30 9.5
60 12.0

Relative Dispersion (%)
0 <.1 5 6. I 6 10 1 1 .1.< 16

6.4 18.8 74.8
13.0 28.4 58.6
19.9 37.5 42.6

AIRWAY GENERATION, I

Q Total Dose
(L-min-') (%)

15 12.6
30 13.3
60 19.2

Relative Dispersion (%)
0.1.5 6.1.10 11<1<16

16.4 21.7 61.9
29.6 30.1 40.3
40.1 35.4 24.5

AIRWAY GENERATION, I
5 6 7 8 9 10 11 1
AIRWAY GENERATION, I

FIGURE 7. Influence of inspiratory flow rate on the relative percent dispersion of the total dose of ambient 0.5-pLm D,oOH2SO4 particles for
different RH proffles in the TB tree: (A) nonhygroscopic particle behavior included for comparison; (B) 90-99.5% RH; (C) 99.5%
RH.

a decided proximal shift in inter-TB distribution at the
highest flow rate.
Whether or not hygroscopic growth increases total

dose delivered to conducting airways depends on the

original size of an inhaled aerosol. This is illustrated in
Figure 10 for (NH4)2SO4. The data suggest that a crit-
ical size, Dc. exists. If Dg,o > DC, hygroscopic effects
increase deposition (relative to nonhygroscopic particles
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FIGURE 8. Change in diameter of a submicrometer (Dg,O = 0.5 ,m)
H2SO4 particle for various breathing modes: (-) nonhygroscopic
particle behavior included for comparison. URT denotes upper
respiratory tract.

of like size); if smaller-sized particles are inhaled, the
influence of growth is to reduce deposition.These ob-
servations may be explained by changes in the relative
effectiveness of the major particle deposition efficiency
mechanisms, which have been formulated in terms of
particle parameters. In Figure 11, the effects of chang-
ing particle size and density following mouth breathing
are illustrated. In Figure 11A, where Dg,o = 0.2 ,um,
nonhygroscopic particles are deposited primarily by dif-
fusion; hygroscopicity results in relatively reduced dos-
age due to the increase in particle size. In Figure llB,
where Dg,0 = 0.8 ,um, nonhygroscopic particles are de-
posited by inertial impaction in upper airways and dif-
fusion in lower airways. An increase in total deposition
concomitant with growth results from increased depo-
sition due to larger particle mass that more than com-
pensates for a reduction in the efficiency of deposition
due to Brownian motion.

Relative humidity effects on (NH4)2S04 aerosol dis-

PARTICLE 0

VAPOR UPTAKE

WETTED PARTICLE

VAPOR UPTAKE

FIGURE 9. Hygroscopic particle growth in the humid bronchial at-
mosphere.

FIGURE 10. The influence of inhaled particle size and breathing
mode on (NH4)2S04 aerosol deposition: (-) nonhygroscopic par-

ticle behavior included for comparison. Q = 30 L/min.

tribution are illustrated in Figure 12. In Figure 12A,
total deposition is almost the same for a nonhygroscopic
aerosol and (NH4)2S04 assuming oral (90-99.5% RH)
breathing. The percent of the total aerosol mass deliv-
ered to upper airways, however, is approximately dou-
ble due to growth by water vapor absorption; this occurs
at the expense of dose delivered to the lower airways.
For nasal breathing (99.5% RH), (NH4)2S04 distribu-
tion to upper airways is more than double that for oral
breathing; in this instance, distribution is now nearly
uniform within the TB tree. The situation is different
for the larger particles. Hygroscopic growth in the 90
to 99.5% RH profile produces a total deposition that
increases by nearly a factor of 3 relative to nonhygros-
copic aerosols, but relative dispersion among airways
is not as affected. Growth in the 99.5% RH profile leads
to an increase of more than a factor of 4 in total aerosol
mass deposited; the percent of the total delivered to
upper airways is more than double that for oral breath-
ing.

Figures 13 and 14 illustrate some of the complex ef-
fects of hygroscopic growth assumptions, Dg,o, and Q
on the total dose and regional distribution of inhaled
NH4HS04 relative to the total mass intake at the tra-
chea (I = 0). For example, the regional distribution of
orally inspired pollutant for Q = 15 L/min (Fig. 13B)
is skewed towards lower airways; doses here are factors
of 10 to 30 greater than those of upper airways and
factors of -4 greater than those of middle airways. In
addition, as Dg,o increases from 0.1 to 1.0 ,um, total dose
increases from -9 to -27% ofTB intake. Nasal breath-
ing (Fig. 13C) is qualitatively similar to oral breathing,
except that regional distribution is not as skewed for
1.0-,um particles. Comparison of nonhygroscopic results
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FIGURE 11. Relative efficiencies of the dominant aerosol deposition mechanisms as a function of ambient size: (---) oral breathing of (NH4)2S04
particles is simulated; (-) nonhygroscopic particle behavior included for comparison. (A) Dg o = 0.2 ,um; (B) Dg,o = 0.8uim; Q = 30 LI
min.

(Fig. 13A) with the two hygroscopic results (Figs. 13B
and C) reveals differences: the nonhygroscopic assump-
tion overestimates total dose by a factor of 2 to 3 for
small particles (0.1 ,um) and underestimates by a factor
of --1/3 for large particles (1.0 ,um); furthermore, the
nonhygroscopic assumption predicts an overall decrease
in total dose with increasing particle size, while both
hygroscopic assumptions predict an overall increase.
Similarities exist between the nonhygroscopic, oral, and
nasal cases: regional distribution for 0.1-, 0.5-, and 1.0-
,um particles is consistently skewed to lower airways,
and total dose for 0.5-,um particles is similar in each
case.

Figure 14 illustrates total dose and regional distri-
bution of NH4HS04 for Q = 60 L/min. Comparison of
Figures 13 and 14 reveals effects due in part to flow
rate. For example, regional distribution of orally in-
spired NH4HS04 (Fig. 14B) is less skewed in lower
airways than in Figure 13B, especially asD O increases.
Regional distribution for nasal breathing (Fig. 14C) be-
comes skewed towards upper airways as Dg,o increases;
for 1.0-pum particles, upper airway dose is a factor of
- 1.5 greater than the middle airway dose and a factor
of more than 3 greater than the lower airway dose.
Under nonhygroscopic conditions (Fig. 14A), total dose
for small particles is overestimated and total dose for
large particles is underestimated; regional distribution

for large particles is uniform.
Thus, variation of hygroscopic growth assumptions,

Dg,o, or Q can produce complex effects on deposition.
When hygroscopic growth (oral or nasal) is assumed,
total dose is proportional to Dg,o. However, when no
hygroscopic growth is assumed, total dose tends to at
first decrease and then increase with increasing Dg,o.
In addition, hygroscopic growth can lead to predomi-
nantly upper airway or lower airway deposition, de-
pending on the breathing mode (nasal or oral).

Summary
Nonhygroscopic aerosol deposition computations us-

ing a theoretical model agree well with the Lippmann
et al. (9) median fit to their experimental measurements,
indicating that in vivo particle behavior is being accu-
rately simulated (see Fig. 4). Airway diameters are var-
ied in the model to examine the effect of intersubject
variability within a population. For individual human
subjects, experimentally determined total deposition
curves have characteristic "s-shapes" that, within a pop-
ulation, have similar asymptotes and almost parallel,
linear midsections. Significantly, the theoretical model
generates the general sigmoidal shapes of such individ-
ual TB deposition patterns and accurately calculates the
slopes of their quasi-linear segments and the positions
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FIGURE 12. Influence of RH proffles on the relative percent dispersion of the total dose of (NH4)2SO4 particles: (A) Dg,o = 0.3 F±m; (B) Dg,o
= 0.7 ,um. Q = 60 L/min; (-) nonhygroscopic particle behavior included for comparison.
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of their two asymptotes.
The experimental and theoretical hygroscopic growth

data of Tang and Munkelwitz (11) are incorporated into
the aforementioned validated model to compute the in-
fluence of hygroscopicity on the deposition of ambient
sulfate aerosols. The primary factors requiring defini-
tion prior to studying possible growth effects are initial
particle geometry and density, material hygroscopic
growth characteristics, respiratory parameters, and T
and RH proffles. The influences of hygroscopic growth
on inhaled aerosol behavior are very complex; both the
total mass deposited and its regional dispersion may be
significantly affected. The factor of hygroscopicity,
therefore, is an important factor in the hazard evalua-
tion of atmospheric particulate matter of health effects
concern.

This report has been reviewed by the Health Effects Research
Laboratory, U.S. Environmental Protection Agency, and approved
for publication. Mention of trade names or commercial products does
not constitute endorsement or recommendation for use. This work
was sponsored by EPA Contract No. 68-02-2566.
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